INTRODUCTION
Rice, Oryza sativa, in the United States is susceptible to economic injury by a variety of insect pests from major orders of insects such as Lepidoptera, Diptera and Coleoptera. Control of rice insect pests has generally relied on chemical methods. However, concerns over environmental effects of insecticides, resistance of pest insects to chemicals, and cost of developing new chemicals for insect control, have stimulated interest in developing alternative methods of control. Use of the biological control agent Bacillus thuringiensis as a central component of an integrated pest management strategy for insect pests of rice is under evaluation.
Bacillus thuringiensis is a soil-dwelling, Gram-positive bacterium characterized by its ability to produce crystalline inclusions during sporulation. These inclusions comprise proteins possessing highly specific insecticidal activity. Bacillus thuringiensis strains are classified into different serotypes or subspecies based on their flagellar antigens. Many B. thuringiensis strains with different insecticidal activities have been identified (Burghes 1981) . Activity against lepidopteran, dipteran and coleopteran insects is determined by the presence of specific d-endotoxins or Cry toxins (Aronson et al. 1986; Whiteley and Schnepf 1986) . A classification scheme for dendotoxins based on amino acid sequence and insect specificity has been proposed (Knowles and Ellar 1988; Hofte and Whiteley 1989) . This classification has been revised to reflect the diversity of insecticidal Cry toxins that have been described (Crickmore et al. 1997) .
Insecticidal activity of these Cry toxins against economically injurious insects has generated considerable interest by academic, governmental and agricultural researchers. This has led to extensive exploration and isolation programmes for novel B. thuringiensis strains and Cry toxins. PCR primers generating diagnostic fragments have been designed to facilitate the rapid identification of B. thuringiensis strains containing novel Cry toxin genes. The diagnostic PCR primers which have been described include Cry I (Ceron et al. 1994 (Ceron et al. , 1995 , Cry III (Ceron et al. 1995) , Cry V (Gleave et al. 1993) , and other Cry families (Ben-Dov et al. 1997; Juarez-Perez et al. 1997) .
Recently, a novel B. thuringiensis vegetative insecticidal protein vip3A(a) with a wide spectrum of insecticidal activities has been described (Estruch et al. 1996) . Vip3A expression is not restricted solely to sporulation, but begins at mid-log and continues into sporulation. Vip3A(a) and its homologue vip3A(b) show no homology to the Cry class of insecticidal toxins. Detection of vip3A-positive strains is not possible using currently available Cry-specific PCR primers. In the present study, novel PCR primers were designed for the rapid detection of B. thuringiensis strains containing vip3A gene homologues. Such novel PCR primers should aid screening programmes in the detection of vip3A positive B. thuringiensis strains.
MATERIALS AND METHODS

Bacterial isolates
Bacillus thuringiensis strains were obtained from either the Bacillus Genetics Stock Center (Ohio State University), the Northern Regional Research Center (NRRL Peoria, IL), or from local sources. Bacillus thuringiensis strains were isolated from either soil or grain dust using heat treatment in combination with selection on antibiotic-containing media (DeLucca et al. 1981) . Identification of B. thuringiensis strains was based on colony morphology, Gram stain and spore stain.
DNA isolation
DNA was isolated according to the PAL procedure of Voiskuil and Chambliss (1993) with the following change: phase lock tubes were used to facilitate the separation of organic and aqueous phases and recovery of DNA.
PCR
Primers were designed using Primer Design 3 (Sci-ed Software, Durham, NC, USA) against vip3A(b) homologue (accession L48812). Criteria used for primer construction were: length (20 bp), % GC (50-60), Tm°C (55-80), 3? dimers (³ 3), dimers-any (³ 7), stability hairpin (× 2 · 0 kcal 5? vs 3?), runs (³ 3), repeats (³ 3). Primers ranking high on the above criteria were selected for use in PCR analysis. Primer sequence (5? to 3?) and location are oligo 1 (AACAAGTGGCAGTGAGGTCG) bp143, oligo 2C (CACCTAACGGCATATACACC) bp 1555, oligo 3 (GCA-CAAGAGCCTACCAAGT) bp 235, oligo 4 (ACGGA-TACAGGTGGTGATCT) bp 903, and oligo 5C (ATTAGCATCTCCGGACACAG) bp 2307.
PCR reactions (30 ml) contained the following: 50 ng template DNA, 1 × reaction buffer (Gibco BRL, Grand Island, NY, USA), 2 · 5 mmol 1 −1 MgCl 2 , 200 mmol 1 −1 of each dNTP, 10 pmol of each primer, and 1 U of native Taq DNA polymerase (Gibco BRL). An Ericomp Power Block II System thermocycler (Ericomp, San Diego, CA, USA) was used with a temperature profile of 2 min at 95°C, followed by 39 cycles of 1 min at 55°C, 2 min at 72°C, and 40 s 95°C. The 39 cycles were followed by one cycle for 1 min at 55°C and 5 min at 72°C. Aliquots (8 ml) from each reaction mixture were run on a 1 · 5% agarose gel and stained with ethidium bromide (Sambrook et al. 1989) .
Restriction endonuclease analysis
DNA products from PCR reactions were extracted once with phenol:chloroform:isoamyl alcohol (25: 24: 1), precipitated with 2 volumes of 95% ethanol and resuspended in TE buffer (pH 8 · 0). An aliquot (10 ml) was subjected to restriction endonuclease digestion by Nla IV (New England Biolabs, Beverly, MA, USA) according to supplier specifications.
Data and DNA sequence analysis
DNA molecular weights of observed fragments were determined using 1D image analysis software (Kodak Digital Science, Rochester, NY, USA) and were compared with predicted values based on DNA sequence analysis. The pGEM and 100 bp DNA Ladder markers (Promega, Madison, WI, USA) were used as size standards. An Applied Biosystems ABI model 377 DNA sequencer (Foster City, CA, USA) was used to determine the DNA sequence of amplicon 2C + 4 from B. thuringiensis var. tolworthi 4L1 (estimated accuracy rate of 99 · 9% for double stranded DNA, SeqWright Inc., Houston, TX, USA) by the fluorescent dye termination method. Amplicon 2C + 4-vip3A(4L1) was gel purified, reamplified using primers 2C + 4, and purified using QIAquick spin columns (Qiagen Inc., Santa Clarita, CA, USA). Initial DNA sequence data were obtained using primers 2C and 4 with internal sequencing primers synthesized from appropriate positions to obtain double strand DNA sequence vip3A(4L1). vip3A(4L1) DNA was translated into protein using Clone Manager 5 (Sci-ed Software). Global alignment of vip3A(a) (accession L48811), vip3A(b) and vip3A(4L1) DNA and amino acid sequences was performed using Align Plus 3 (Sci-ed Software).
RESULTS AND DISCUSSION
PCR primer design analysis of vip3A(b) DNA sequence yielded a number of possible primer combinations. PCR primers with Tms of 66-72°C that were appropriately spaced and capable of generating fragment sizes of 500-2300 bp were selected. Five primers (three for the normal and two for the complementary strand) forming six primer pairs were evaluated for their ability to detect the presence of vip3A(a) and its homologue Vip3A(b) in various B. thuringiensis strains. The corresponding map location of the oligonucleotide primers used and the predicted fragment size are shown in Fig.  1 .
Preliminary experiments with primer pair 5C + 1 indicated the presence of vip3A gene homologue in several B. thuringiensis strains (data not shown). Bacillus thuringiensis var. tolworthi 4L1 and HD537 were selected for additional analysis. Results of DNA fragment size determination by separation in agarose gels revealed the presence of a single fragment for each primer pair used. Fragments of size 625 bp (amplicon 2C + 1), 1309 bp (amplicon 2C + 4), 1414 bp (amplicon 5C + 1), 1420 bp (amplicon 2C + 3), 2096 bp (amplicon 5C + 4) and 2200 bp (amplicon 5C + 3) were observed (Fig. 2a) . The DNA fragment size observed cor- Two additional methods were used to confirm that the observed fragments were indeed vip3A-specific amplicons. Amplicons generated by the PCR primer pairs 5C + 3, 5C + 4 and 5C + 1 contained a single Nla IV restriction endonuclease site (Fig. 1) . Thus, two fragments were generated, one of constant size (5C to Nla IV restriction site) and another whose length was dependent on which corresponding primer (i.e. 3, 4 or 1) was used to generate the amplicon. Restriction endonuclease digestion of amplicons by Nla IV generated a single fragment of constant size (540 bp) and a single fragment of variable size dependent on the specific amplicon generated (Fig. 2b) .
It was possible to obtain 1237 bp of double stranded DNA sequence (bp 287-1524 of vip3A(b)) from amplicon 2C + 4 from B. thuringiensis var. tolworthi 4L1 (Fig. 1) . The DNA Fig. 2 (a) Bacillus thuringiensis var. tolworthi 4L1 (a) and HD537 (b) amplicons generated by the following primer pairs: PP1 (2C + 3), PP2 (2C + 4), PP3 (2C + 1), PP4 (5C + 3), PP5 (5C + 4) and PP6 (5C + 1) sequence of vip3A(4L1) more closely resembled that of vip3A(a) (99%) than vip3A(b) (98%). Vip3A(a) and vip3A(b) proteins are highly conserved (five amino acid changes per 791 amino acid). Based on the DNA sequence of four independent clones, the vip3A(b) protein is 98% identical to vip3A(a) (Estruch et al. 1996) . Translation of vip3A(4L1) DNA resulted in an open reading frame of 411 amino acids that revealed only two amino acid sequence changes. One amino acid change, a Lys instead of Gln, is the same amino acid observed for vip3A(b), while the other amino acid change is a Val instead of Ile observed for both vip3A homologues. Thus, vip3A(4L1) might possibly represent a new vip3A homologue. DNA sequence analysis of a primary clone of the vip3A gene detected in B. thuringiensis var. tolworthi 4L1 would resolve this point.
The PCR primer mixture 2C + 1 was selected for routine screening of B. thuringiensis strains (Fig. 3) . Of 125 B. thu- Fig. 2 (b) Bacillus thuringiensis var. tolworthi 4L1 and HD537 amplicons generated by 5C + 3 (a), 5C + 4 (b) and 5C + 1 (c) followed by digestion with restriction endonuclease Nla IV -14966; 3, israelensis B-14967; 4, israelensis B-14968; 5, israelensis B-14969; 6, israelensis B-14970; 7, israelensis B-14971; 8, israelensis B-14972; 9, israelensis B-14973; 10, israelensis B-14974; 11, israelensis B-14975; 12, israelensis B-14976; 13, israelensis B-14977; 14, israelensis B-14978; 15, israelensis B-14979; 16, japonensis 4AT1; 17, jinghongiensis 4AR1; 18, kenya 4F1; 19, konkukian 4AH1; 20, kurstaki 4D1; 21, kurstaki 4D4; 22, kurstaki HD 73; 23, kyushensis 4 U1; 24, control ringiensis strains evaluated, 29 strains comprising approximately 20 B. thuringiensis serovars were positive for vip3A gene based on the presence of the 2C + 1 amplicon. A detection rate of 23% compares favourably with the 15% rate observed (60 of 463 strains) using a hybridization assay (Estruch et al. 1996) .
Specific primer combinations were capable of generating diagnostic fragments that successfully predicted the presence of the gene encoding the vip3A insecticidal toxin in various B. thuringiensis strains. Screening various B. thuringiensis strains using the vip3A primer pairs described, in combination with PCR assays using previously described primers for the detection of Cry I (lepidopteran), Cry III (coleopteran) and Cry V (lepidopteran-coleopteran) insecticidal genes, reveals that many B. thuringiensis strains contain a variety of insecticidal gene combinations. For example, in addition to being positive for vip3A, HD537 also tested positive for Cry I, Cry III and Cry V insecticidal genes, while 4L1 was positive for Cry I and Cry V (Fig. 4) . This leads directly to the ability to select and evaluate B. thuringiensis strains for biological activity based on a predicted insecticidal spectrum, thus facilitating both greenhouse and field trials of these strains against selected rice insect pests. 
